22 kg/m 2 , range 14. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and to test for the inheritance of this frameshift mutation in the proband's family (Fig. 2) . The mutation was not found in the control population. The mutation co-segregated with the severe obesity phenotype in the proband's family over three generations (lod score 1.5). All subjects bearing the mutation had a Z score at least four standard deviations above a normal BMI (ref. 9 ). The male carrier (III4) had a milder obesity, possibly suggesting a sex effect as seen in Mc4r-deficient mice. His BMI, however, was close to his sister's at age 20 years.
Our data indicate that a mutation in MC4R can cause a non-syndromic form of W erner syndrome (WS) is a human autosomal recessive disorder that causes the premature appearance of a partial array of disorders characteristic of old age 1, 2 . These disorders include atherosclerosis, cancer, type 2 diabetes, osteoporosis, cataracts, wrinkled skin and grey hair, among other ailments. Cells cultured from WS subjects have a shortened replicative life span 3, 4 and elevated rates of chromosome translocations, large deletions and homologous recombination 5, 6 . The gene defective in WS, WRN, encodes a large RecQlike DNA helicase 7 of 1432 aa. Defects in another human RecQlike helicase, BLM, result in Bloom's syndrome 8 (BS), a genetic disorder that is quite different from WS. BS is manifested by short stature, neoplasia, immunodeficiency and high risk of cancer. Cells from BS subjects show an increase in sister chromatid exchanges.
DNA helicases can function in replication, repair, recombination, transcription or RNA processing. As WRN and BLM share no obvious homology outside the helicase domain, the non-helicase domains probably determine in which process each RecQlike helicase participates, which provides the basis for the disparate cellular and organismal phenotypes that result from defects in these proteins.
Statistical sequence analyses showed subtle but significant similarities between Fig. 1 Exonuclease activity of wild-type WRN and the N333 fragment. 6×his-tagged proteins were purified from baculovirus-infected insect cells using either nuclear (WRN, D82A, E84A, K577M, mock control) or cytosolic (N333, mock control) extracts. WRN, N-333, or mock proteins (10 ng, a,b; 5 ng, c,d) were incubated with 10,000 cpm of either a partial DNA duplex containing a 21-nt 5´ 32 P-labelled fragment annealed to an unlabelled 43-nt fragment (a,c) or a 36-bp DNA fragment 32 P-labelled at the 3´ end (b,d) in nuclease assay buffer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl 2 , 5 mM DTT, 0.1 mg/ml BSA) at 37 °C for the indicated intervals. Products were analysed on 20% polyacrylamide-8 M urea denaturing gels and visualized by autoradiography. M, mock; W, no protein addition. e, N333 or mock proteins (20 ng) were incubated with a 374-bp DNA fragment labelled with 32 P at the 3´ end and 3 H at internal thymidine residues for the indicated intervals. The products were precipitated with 70% ethanol, and ethanol-soluble radioactivity was determined by scintillation counting. The activity is presented as percentage of input label (10,000 cpm 32 P; 6,000 cpm 3 H) that was soluble in 70% ethanol. f, Equal amounts of 6×his-affinity purified N333 and mock proteins were resolved on a 8% non-denaturing polyacrylamide gel. The region containing N333 and a comparable region in the mock lane were excised, and the proteins eluted into nuclease buffer. The eluted N333 (20 ng) and mock proteins were incubated with 10,000 cpm of DNA substrates labelled to similar specific activities with 32 P at either the 5´ or 3´ end (a,b, respectively) for 1 h, and the activity was determined as in (e). WRN and several 3´→5´ exonucleases 9, 10 .
To test the prediction that WRN is an exonuclease, we produced tagged recombinant wild-type and mutant WRN proteins. Two mutants had amino-acid substitutions at either position 82 (D82A) or 84 (E84A), two of the five residues predicted to be critical for exonuclease activity 9, 10 . A third mutant had a substitution at position 577 (K577M), which abolished WRN helicase activity 11 . The fourth mutant was an N-terminal fragment (aa 1−333; N333) containing the putative exonuclease domain, but lacking the helicase domain. A tagged 36-aa vectorderived peptide served as a negative control (mock). Purified WRN and mock proteins were incubated with doubled-stranded DNA substrates. Wild-type WRN degraded a 5ĺ abelled substrate to a series of smaller, labelled products (Fig. 1a) , and a 3´ labelled substrate to a single labelled product that migrated as a mononucleotide (Fig. 1b) . Thus, WRN degraded DNA with 3´→5d irectionality. Although mock and fulllength WRN preparations contained low levels of a contaminating 5´→3´ exonuclease, as shown by release of the 5´ label as a mononucleotide (Figs 1a,2b) , 3´→5´ degradation was entirely dependent on WRN.
WRN exonuclease activity resided in the N terminus. N333, which was essentially free of contaminating 5´→3´ exonuclease, degraded 5´ and 3´ labelled substrates similarly to full-length WRN (Fig. 1c,d ). When incubated with a 374-bp DNA fragment labelled at the 3´ end with 32 P, and internally with 3 H, N333 released most of both labels (Fig. 1e) . Thus, the WRN exonuclease is capable of substantial DNA degradation. Consistent with 3´→5d irectionality, N333 released 32 P from 3é nds more rapidly than 3 H from internal residues. In addition, gel-purified N333, which lacked contaminating nuclease activities, efficiently removed the 3´, but not the 5´, label when incubated with DNA substrates labelled at either the 3´ or the 5´ end (Fig. 1f) .
Genetic evidence for WRN exonuclease activity was obtained by introducing point mutations at critical amino acids in the exonuclease domain (D82A and E84A). These mutants retained the wild-type level of helicase activity (Fig. 2a) , but had little or no 3´→5´ exonuclease activity, using either a 5´ (Fig. 2b) or 3´ (Fig. 2c) 32 Plabelled substrate, and were indistinguishable from mock protein in this regard (Fig.  2d) . The K577M mutant, in contrast, was devoid of helicase activity (Fig. 2a) , as expected, but had 3´→5´ exonuclease activity comparable to that of wild-type WRN (Fig. 2b−d) .
Our data indicate that WRN is indeed a 3´→5´ exonuclease. This activity resides in the N terminus, and is physically and functionally separable from the helicase activity. The identification of an exonuclease activity in WRN clearly distinguishes it from other human RecQ-like helicases, and may help explain the differences between WS and BS.
What are the functions of the WRN exonuclease in vivo? It may participate in recombination and DNA repair. Exonucleases are integral components of some recombination pathways 12 , and WRN appears to have a role in recombination 5, 6, 13 . The finding that WS cells are hypersensitive to the DNA damaging agent 4-nitroquinoline-1-oxide 14 suggests a role for WRN in DNA repair. Finally, WRN is homologous to FFA-1 (replication focus-forming activity 1) in Xenopus laevis 15 , raising the possibility that WRN may also be involved in DNA replication. In this context, the WRN exonuclease may provide 3´→5´ proofreading function to DNA polymerases that lack such activity. Whatever the case, an understanding of the functions of WRN exonuclease and their relationships to the other functions of WRN will lead to new insights into the molecular and cellular basis for WS and a subset of age-associated pathologies. WRN proteins. a, WRN, K577M , E84A, D82A or mock proteins (10 ng) were assayed for helicase activity by incubating 5´ 32 P-labelled DNA substrate (0.4 pmol; Fig. 1a ) in helicase assay buffer (40 mM Tris-HCl, pH 7.4, 5 mM MgCl 2 , 5 mM DTT, 1 mM ATP, and 0.1 mg/ml BSA) at 37 °C for 10 min. Products were resolved on a 10% non-denaturing polyacrylamide gel and visualized by autoradiography. Controls were no protein addition (W), and heating (+ Heat) or not heating (-Heat) the sample to 95 °C before loading. The displaced species co-migrated with the 21-nt fragment. The same proteins (10 ng) were assayed for nuclease activity by incubating for 1 h (b) or 0−30 min (c) with 10,000 cpm of 5´-(b) or 3´-labelled (c) DNA substrates, and analysing the products as described (Fig. 1a,b) . d, Proteins (5 ng) were incubated with 10,000 cpm of the substrate used in (c) for the indicated intervals. The activity was determined as in Fig. 1e . 
